The adaptive immune system provides critical defense against pathogenic bacteria. Commensal bacteria have begun to receive much attention in recent years, especially in the gut where there is growing evidence of complex interactions with the adaptive immune system. In the present study, we observed that commensal skin bacteria are recognized by major populations of T cells in skindraining lymph nodes of mice. Recombination activating gene 1 (Rag1) −/− mice, which lack adaptive immune cells, contained living skin-derived bacteria and bacterial sequences, especially mycobacteria, in their skin-draining lymph nodes. T cells from skin-draining lymph nodes of normal mice were shown, in vitro, to specifically recognize bacteria of several species that were grown from Rag1 −/− lymph nodes. T cells from skin-draining lymph nodes, transferred into Rag1
−/− mice proliferated in skin-draining lymph nodes, expressed a restricted T-cell receptor spectrotype and produced cytokines. Transfer of T cells into Rag1 −/− mice had the effect of reducing bacterial sequences in skin-draining lymph nodes and in skin itself. Antibacterial effects of transferred T cells were dependent on IFNγ and IL-17A. These studies suggest a previously unrecognized role for T cells in controlling skin commensal bacteria and provide a mechanism to account for cutaneous infections and mycobacterial infections in T-cell-deficient patients.
T lymphocyte | microbiome M ammalian epithelium is host to a myriad of microbial species, and this requires that the epithelium provides barrier functions. The intestinal epithelial barrier is especially complex because, whereas it must be permeable to nutrients, it must also block microbial invasion via mechanical and innate immune mechanisms. Therefore, the adaptive immune system of the gut contributes to blocking microbial invasion and yet has a delicate tolerance mechanism that attenuates reactions to enteric antigens.
The skin epithelial barrier, in contrast to the intestinal barrier, would seem to require simpler immunological mechanisms for blocking entry of commensals and pathogens because the skin is relatively impermeable. The innate immune system has been ascribed a role in skin barrier function through release of antimicrobial peptides (1) ; defects in the innate immune system are implicated in atopic dermatitis (2) . The adaptive immune system, in contrast, has received less attention regarding its contribution to barrier function of the skin. Although tolerance would seem less necessary than for the more permeable gut, there is some evidence for tolerance (3) ; excess T-cell reactions are implicated in several common skin diseases, including atopic dermatitis and psoriasis.
In humans deficient in T and B cells, about a third show infectious cutaneous manifestations (4) . T and B cell deficiency (TB − ) that is specifically due to recombination activating gene (Rag) mutations similarly show a high frequency of cutaneous manifestations (5) . These clinical findings implicate adaptive immunity in skin host defense in man. Susceptibility to disseminated mycobacterial infections is often seen in TB − severe combined immunodeficiency patients (SCID) with disseminated bacillus Calmette-Guérin (4) . A Rag2-deficient SCID was reported with disseminated bacillus Calmette-Guérin (6) and a Rag1 hypomorphic patient was reported with disseminated nontuberculous mycobacteria (7) . These reports support a role for adaptive immunity in defense against mycobacteria in man.
T cells within normal human dermis are predominantly of an effector memory (T EM ) phenotype with a diverse repertoire (8) and have been suggested to be involved in immune surveillance (9) . T-cell homing to skin is directed by E selectin and chemokines chemokine (C-C motif) ligand (CCL)20, -22, and -27 expressed by keratinocytes acting on cutaneous lymphocyte-associated antigen (CLA), chemokine receptor (CCR)6, -4, and -10, respectively, expressed by the subset of T cells that home to skin. There is implied interaction between the skin flora and the adaptive immune system, suggested by the defect in Th17 development in mice lacking skin flora (10) . The adaptive immune system is implicated in skin barrier function by recent studies suggesting Th17 cells play a significant role in defense against cutaneous pathogens (11) . Autoantibodies against Th17 cytokines, including IL-17A and F, IL-22 (12) , and mutations in the receptor for IL-17 (13) have been implicated in skin infections. It remains to be determined whether skin "commensals," i.e., bacteria that are normally not pathogenic, elicit T-cell immunity in a normal host and whether these T cells could contribute to skin barrier function.
The present study derives from experiments showing that transfer of OT-1 cells, monoclonal CD8 T cells, into Rag1
−/− mice required host IL-7 for survival and proliferation of the transferred cells (14) , a phenomenon termed "homeostatic" proliferation. However, our group (15) and others (16) subsequently observed that, unexpectedly, normal polyclonal CD8 T cells transferred into Rag1 −/− survived and proliferated independently of IL-7; moreover, their proliferation was much faster than homeostatic proliferation observed with OT-1 cells. This phenomenon, the rapid, IL-7-independent proliferation of normal T cells transferred into Rag1 −/− mice, resembled the reaction of memory cells to antigens. Here we investigate this reaction to determine the nature of the Significance Barrier function of the skin in blocking microbial invasion has been attributed to the structural integrity of the epithelium, augmented by innate immune mechanisms. T cells and antigen-presenting cells have long been observed in the skin, but what is their role? Here we report, for the first time, that commensal skin bacteria are recognized by major populations of T cells in skin-draining lymph nodes of mice. We report a previously unrecognized role for T cells in preventing breach of the skin epithelial barrier by certain species of commensal bacteria, especially mycobacteria, and we examine the mechanism. Patients deficient in T cells frequently show infectious cutaneous manifestations and mycobacterial susceptibility, reflecting features of our study in mice.
postulated stimulatory antigens and to characterize the responding T cells and their physiological role. We will show that much of this T-cell reaction is triggered by skin commensal bacterial antigens and demonstrate a protective role of these T cells in barrier function that requires IFNγ and IL-17.
Results

T Cells Transferred into Rag1
−/− Mice Undergo Antigen-Driven Proliferation. Transfer of T cells from C57BL/6 mice into T-celldeficient Rag1 −/− mice revealed a prominent population of rapidly dividing cells that had diluted carboxyfluorescein succinimidyl ester to undetectable levels ( Fig. 1 A and B) . In contrast, hosts acutely depleted of T cells using radiation, did not support rapid T-cell division (15, 16) . T cells isolated from skin-draining lymph nodes showed rapid proliferation in the recipients' skindraining lymph nodes (Fig. 1A) . Similarly, T cells isolated from mesenteric lymph nodes showed rapid proliferation in the recipients' mesenteric nodes (Fig. 1A) , consistent with a memory response to skin and enteric antigens. It should be noted that there was no regional specificity for proliferation, in that cells from skin-draining lymph nodes proliferated in mesenteric nodes as well as skin-draining nodes and vice versa; however, as will be shown, cells from skin-draining nodes displayed in vitro recognition of skin bacteria, whereas mesenteric lymph node cells did not. A comparison of the kinetics of proliferation of transferred cells ( Fig. 1 A-C) shows the relative rate of homeostatic division of OT-1 cells is much slower than the rapid cell cycling described here. This suggests that rapidly proliferating T cells are undergoing a memory response to antigens, in contrast to OT-1 cells, which are not encountering their nominal ovalbumin antigen and are undergoing homeostatic proliferation in response to cytokines and self-peptides/MHC complexes.
To evaluate the hypothesis that the proliferation could be antigen driven, analysis of the spectrotype of T-cell antigen receptor Vbeta of proliferating T cells was performed and compared with unfractionated T cells from lymph nodes before transfer (Fig. 2) . Proliferating cells showed marked differences from unfractionated lymph node T cells or spleen T cells for a number of Vbeta families. The area under the curve (AUC) ( Fig. 2A) The rapidly proliferating T cells in skindraining lymph nodes were of heterogeneous phenotypes whether transferred cells were derived from skin-draining lymph nodes (Fig. 3) , mesenteric lymph nodes (Fig. S1 ), or spleen (Fig. S2 ). CD4 and CD8 cells represented the majority of the rapidly dividing population, and most γδ T cells, although a minor population, also divided rapidly as did IgM + B cells. Most rapidly dividing T cells expressed the memory marker CD44 and some expressed Sca-1. Cytokine receptors for IL-2 (CD25 and CD122) and IL-7 (CD127) were expressed on some rapidly proliferating cells, but few expressed the receptor for FasL (CD95). Chemokine receptors (CCR4, -6, -7, and -10) were expressed on some rapidly proliferating cells derived from skin-draining lymph nodes, but CCR7 was not expressed on cells derived from mesenteric lymph node or spleen. The selectin CD62L, which directs homing to lymph nodes was expressed on a large fraction of rapidly dividing cells, whereas the selectin CD62E, which directs homing to epidermis was not expressed. These markers are generally consistent with the phenotypes of effector and effector memory cells, although other populations may also be included as will be discussed. All of the markers observed on rapidly proliferating cells were expressed on subpopulations of lymph node T cells before transfer into the Rag1 −/− recipient (Fig. S3 ), although there was enrichment for some markers, most notably chemokine receptors.
Because some rapidly proliferating T cells in skin-draining lymph nodes had features of antigen-driven effectors with a skinhoming (CCR10) marker, we examined expression of several cytokines that could be involved in antimicrobial responses of the skin (Fig. 4) . IL-17A, expressed from a reporter construct, was observed in the rapidly proliferating population, whereas IL-17F was not expressed. IFNγ and IL-5, visualized by intracellular staining, were highly expressed in some rapidly proliferating cells. IL-22, visualized from a reporter construct, showed a different pattern, being expressed in both slowly dividing and rapidly dividing populations.
Culturable Bacteria in Skin-Draining Lymph Nodes Are Recognized by T Cells. It therefore appeared that the T cells isolated from normal mice could be proliferating and producing cytokines in response to antigens present in Rag1 −/− lymph nodes. Because immunodeficient HIV patients were shown to have bacterial translocation across the gut epithelial barrier (17), we considered the possibility that such barrier function might also fail in the gut of Rag1 −/− mice. We observed that mesenteric lymph nodes of WT mice contained living bacteria that could be grown in culture (Fig. 5A) ; however, Rag1 −/− mice did not contain more than WT in mesenteric nodes. To our surprise, skin-draining lymph nodes from Rag1
−/− mice contained many more living, culturable bacteria than WT mice. The living bacteria did not appear to be associated with host cells, because they were not associated with a cell pellet following centrifugation of the lymph node cell suspension. The spleens from Rag 1 −/− mice ( Fig. 5A) , and other organs including heart, lung, and kidney, did not contain culturable bacteria. Because only a small percentage of microbiome bacterial species can be grown in culture, we analyzed bacterial 16s ribosomal RNA sequences in these tissues ( Fig. 5 B and C) , which also showed a substantial difference between Rag1 −/− versus WT skin-draining lymph nodes. These sequences could reflect both living bacteria as well as dead bacteria that might have been killed locally or at a distance and transported to the lymph node. The skin of Rag1 −/− mice also contained substantially more bacterial sequences than WT (Fig. 5B) . Rag1 −/− mice are deficient in both T and B cells; however, B-cell-deficient mice (MuMT) did not contain culturable bacteria or 16s rRNA bacterial sequences ( Fig. 5 A and B) . Thus, T-cell deficiency accounted for observed differences between Rag1 −/− and WT. The differences between Rag1 −/− and WT mice was not attributable to different flora from different colonies because the two strains were housed together for 2 mo before these experiments were performed. Analysis of richness of bacterial species populating the skin of Rag1 −/− and WT mice by sequencing of 16S rRNA amplicon we also found that the number of species populating the skin was higher in Rag1
−/− mice. To evaluate further if skin bacteria drive the observed T-cell proliferation, T cells from germ-free (GF) mice were transferred into Rag1
−/− mice and no significant rapid proliferation was observed ( Fig. 1 A and B) . Antibiotics were used to deplete gut commensals, but sparing skin commensals, in both donor and recipient; this did not impair the proliferative response in skindraining lymph nodes (Fig. S4) .
The living bacterial colonies grown from Rag1 −/− lymph nodes were analyzed and compared with living colonies grown from other sites (Table 1 and Fig. 6 ). Mycobacteria were the most frequent colonies grown from lymph nodes, and although found in skin of both C57BL/6 and Rag1 −/− , they were not the most frequent. This suggested that loss of adaptive immunity resulted in a selective defect in preventing penetration of mycobacteria through the skin barrier, whereas defense against staphylococci, the most common skin flora in these mice, was relatively intact.
We next evaluated whether the T-cell proliferation observed in lymph nodes in vivo (Figs. 1-4) could be accounted for by bacterial antigens in the lymph nodes. Individual bacteria colonies were grown from Rag1 −/− lymph nodes or skin and identified by 16s rRNA typing. Bacteria were heat-killed and added to cultures of lymph node cells supplemented with dendritic cells (DCs). Vigorous proliferative responses of CD8 cells were observed against corynebacteria, staphylococci, mycobacteria, and enterococci (Fig. 7A) . T cells from germ-free mice did not proliferate in response to bacteria (Fig. 7B) . Moreover, T cells from mesenteric lymph nodes and spleens did not recognize skin bacteria in vitro (Fig. S5 A and B) . CD4 cells mounted less vigorous responses to bacteria as well as to the polyclonal stimulus phytohemagglutinin (PHA). Therefore, antigens from these bacteria could account for much of the T-cell proliferative response observed in vivo, at least for the CD8 subset.
IFNγ Rescues the Elimination of the Bacteria in Skin or Skin-Draining Lymph Nodes. Rag1 −/− mice were then reconstituted with normal lymph node T cells from WT mice to determine whether the bacterial sequences in skin-draining lymph nodes could be reduced to the levels found in WT lymph nodes. Following T-cell transfer, a steady decline in bacterial sequences was observed in skin-draining lymph nodes, including axillary (Fig. 8, Top Left) , brachial, and inguinal (Fig. 8, Top Right) nodes. There was also a modest decline in bacterial sequences from the skin (Fig. 8 , Top Left). No decline was observed in mesenteric lymph node (Fig. 8, Top Right) . Because Rag1 −/− mice lack both T and B cells, we tested whether deleting B cells from the transferred lymph node population had an effect, but there was no impairment observed in reduction of bacterial sequences (Fig. 8 , Middle and Bottom Left and Right).
The mechanism by which T cells control bacteria could involve cytokines that are known to activate innate immune functions. Several candidate cytokines, IFNγ, IL-17A, and IL-22, were produced by T cells following transfer into Rag1 −/− mice (Fig. 4) . IFNγ activates microbicidal functions in macrophages (18) , IL-17 can activate neutrophils and induce β-defensin 2 production from keratinocytes (19) , and IL-22 can induce production of antimicrobial peptides by keratinocytes (20) . IFNγ −/− T cells were unable to reduce bacterial sequences in skin-draining lymph nodes (Fig. 8 , Middle and Bottom Left) or in skin (Fig. 8,   1 Therefore, T-cell production of IFNγ and IL-17, but not IL-22, were required to prevent bacterial translocation of these commensals into skin-draining lymph nodes, and their absence likely contributed to the barrier defect observed in Rag1 −/− mice lacking adaptive immunity.
Discussion
Whereas much recent interest has focused on gut commensal interaction with the adaptive immune system, skin flora have received less attention. We show for the first time, to our knowledge, that a major proportion of T cells in skin-draining lymph nodes of normal mice are reactive to commensal skin bacteria. These T cells were dramatically reactivated following transfer into Rag1 −/− mice or upon stimulation with commensal bacteria in vitro. T cells were shown to contribute to the barrier function of the skin, at least in part, via IFNγ and IL-17A.
A balance of immunity and tolerance is observed in the gut immune system: although tolerance mechanisms are dominant, antibodies to gut commensals are detected in healthy humans (21) . In skin, a similar balance may exist between antigen recognition and tolerance. Epidermal Langerhans cells may induce T-cell tolerance due to inefficient presentation of antigens from skin flora, whereas dermal DCs are stimulatory (3, 22) . Thus, commensals restricted to the surface of the skin may maintain tolerance, whereas bacteria penetrating the epithelial basement membrane to the dermis may induce an immune response. According to this model, our detection of commensal-reactive T cells in lymph nodes suggests that T cells encountered antigens presented by dermal DCs, perhaps after minor wounding.
We show that IFNγ and IL-17A are involved in excluding live bacteria from lymph nodes, but it remains to be determined how much of this protection occurs at the level of the epithelium, or in the node itself. Because the skin of Rag1 −/− mice showed increased live bacteria, bacterial sequences and diversity (by Chao index) compared with WT, it suggests that the adaptive immune system exerts some protection on, or in, the epithelial 
surface; this was verified by transferring T cells into Rag1
−/− mice resulting in bacterial reduction. T cells from normal donor mice used in these studies did not become activated until transfer into Rag1 −/− mice (Figs. 1-4 ) or in vitro upon exposure to commensal bacterial antigens (Fig. 7) . The unactivated state in the normal lymph node may be explained by a relatively low level of commensal antigens in the normal lymph node, compared with the "leaky" Rag1 −/− epithelium. Microbial translocation in the gut has been well characterized in CD4-depleted humans with HIV (17) and monkeys with simian immunodeficiency virus infections (23) . Our study suggests that the adaptive immune system also contributes to the skin barrier. Rag1
−/− mice, in addition to harboring more bacteria, also lack Tregs, which may attenuate the T-cell responses in situ in normal mice. TGFβ and Langerhans cells have been suggested to promote regulatory T cells in skin (22) and may contribute to maintaining T-cell tolerance in situ. It has also been reported that migratory dendritic cells from dermis can induce regulatory T cells in skin-draining lymph nodes (24) .
The heterogeneous T-cell populations we observed reacting to commensals did not express the markers coinciding with most well-characterized T-cell subsets. Some markers resembled those of T EM cells, which have been identified for successive infections (25) (26) (27) (28) (29) (30) , rather than central memory (T CM ) cells, which are favored by antigens that are cleared (31) . Nevertheless, unlike T EM , the reactive populations we detected were found in lymph nodes, where T CM cells preferentially reside, and most of these proliferating cells expressed the selectin CD62L that is also expressed on T CM cells and directs migration to lymph nodes.
Expression of chemokine receptors on the rapidly proliferating cells may provide a clue to their migration patterns. CCR7 is expressed on T CM and not T EM cells. CCR7 is the receptor for CCL21 expressed on lymph node endothelium (32) and was expressed on about a fifth of rapidly proliferating cells if the transferred cells derived from skin-draining lymph nodes. It is possible that a higher frequency of these cells expressed CCR7 before activation, although it has been reported that activation transiently increases, rather than decreases CCR7 expression (33) . If the transferred cells derived from mesenteric lymph nodes or spleen, no CCR7 was observed on rapidly proliferating cells. CCR10 was expressed on about a fourth of proliferating cells derived from skin-draining or mesenteric lymph nodes, and 40% derived from spleen. Because CCR10 directs skin migration of T cells via its ligand CCL27 (reviewed in ref. 34 ) perhaps these T cells first migrate to skin, then to lymph nodes via draining lymphatics, along with DCs. How CCR10 is induced on peripheral T cells has not been examined.
Some markers of the rapidly proliferating T cells we observed in lymph nodes resemble resident memory (T RM ) cells, a population that was identified in epithelial tissues (35, 36) . However, 
Rag1-/-skin-lymph nodes
Rag1-/-skin C57BL6 skin T RM cells were found to reside in skin, did not circulate following clearance of vaccinia or herpes viruses, and were found to express E-selectin. Because the T cells we detect are found in lymph nodes draining skin, and are reactive to skin commensals, they may represent a population that recirculates, but is related to T RM cells. They may be continually sensitized in draining lymph nodes, then circulate to skin and produce IFNγ, providing antimicrobial defense. It is clear that these T cells represent a prominent, perhaps major, T-cell population in lymph nodes draining skin. It was recently shown that lack of skin commensals results in a deficiency in IL-17A-producing T cells (10) and that this T-cell population could be restored by reconstituting mice with staphylococci. This is reminiscent of the capacity of segmented filamentous bacteria to promote development of IFNγ-producing T cells in gut-associated lymphoid tissues (37, 38) . These reports, like the present study, demonstrate the importance of communication between T cells and microflora on epithelial surfaces.
Human skin bacterial flora has been extensively characterized (39) (40) (41) and varies widely between individuals and anatomical sites. The skin flora of laboratory mice differs from colony to colony and is reported to be somewhat less diverse than that of humans. The skin of SCID mice was found to be dominated by staphylococci (more than 90% of sequences) compared with cohoused normal mice (5.2% of sequences) (42) . We also observed an abundance of Staphylococcus sequences from skin in our colony of Rag1 −/− mice. We have not determined the route by which live bacteria reach lymph nodes from skin in these mice. Entry could occur through small wounds or perhaps from hair follicles. The living bacteria we detected in lymph nodes did not appear to be cell associated (for example within DCs or macrophages), because they did not sediment with cells following centrifugation.
Our findings show that an IFNγ mechanism is important in preventing bacterial translocation to lymph nodes. Mycobacterial sequences were the most common bacterial sequences found in lymph nodes from Rag1 −/− mice. IFNγ arms macrophages to kill ingested mycobacteria, at least in part through phagosome acidification (43) and autophagy mechanisms (44) (reviewed in ref. 45) . IFNγ −/− mice were previously shown to be especially susceptible to mycobacterial infection (46) . Humans with defects in the IFNγ pathway are susceptible to infection with nontuberculous mycobacteria, which is a signature of that defect. Infection of lymph nodes with Mycobacterium avium or bacillus Calmette-Guérin was found in all patients with complete IFNγ receptor deficiency (18) . These patients are also susceptible to infection with histoplasma, Salmonella, and some viruses. The types of defects in the IFNγ pathway found in humans include autoantibodies against IFNγ itself (47) and genetic defects in IFNγ receptor and the signaing molecule Stat1 (48) .
IL-17 has also been implicated in host defense against mycobacteria (49, 50) and we observed a partial failure to clear bacterial sequences by IL-17A −/− T cells. A major role in Staphylococcus immunity by Th17 cells is revealed in hyperimmunoglobin E syndrome (HIES) or Job's syndrome, in which patients have abnormal susceptibility to Staphylococcus in skin epithelial surfaces. In the case of HIES, heterozygous mutations in signal transducer and activator of transcription 3 (STAT3) DNA binding protein cause the systemic deficiency of IL-17 production due to a failure to express sufficient levels of Th17-specific transcription regulator retinoid-related orphan receptor gamma t (RORγt) (51-53). We did not evaluate TNF, which would be another candidate because TNF −/− mice and humans treated with TNF antagonists are susceptible to mycobacterial infection. It has been shown that both Tcell and myeloid-cell TNF are required for mycobacterial control in mice (54) . IL-22 deficiency did not impair the effect of transferred T cells in reducing bacterial transcripts in Rag −/− lymph nodes. Although IL-22 has been reported to inhibit growth of mycobacteria in macrophages (55) , there was no effect on mycobacterial infection in IL-22 −/− mice (56). Several common skin conditions are thought to relate to excess reactions of the adaptive immune system in response to commensals. Atopic dermatitis is proposed to result, in part from loss of mechanical barrier function (57) followed by excessive Th-2-driven recognition of commensals. It is suggested that T-cell recognition of commensals partly underlies atopic dermatitis in humans (2), perhaps reflecting an insufficiency of Th17 cells and an excess of IL-22 producers (reviewed in ref. 58) . Psoriasis is thought to be initially triggered by skin microbial antigens and excess IL-23 and later develops a sterile lesion due to production of antimicrobial peptides, which is propagated by self-antigens (reviewed in ref. 58) .
Bacterial commensals are the focus of this study, which indicates a role in their regulation by the adaptive immune system. Adaptive mechanisms may also regulate commensal viruses and fungi. Better understanding of this important system could alleviate human conditions resulting from its defects and excesses.
Materials and Methods
Mice. Mice were maintained in a specific pathogen-free barrier facility at the National Cancer Institute (NCI, Frederick, MD) in accordance with the procedures outlined in the 2011 Guide for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda). C57BL/6Ncr mice were obtained from the Animal Production Program of NCI/Charles River Laboratories.
Rag1
−/− (C57BL/6 background) mice were originally purchased from The Jackson Laboratory. GF mice were bred as previously described (10) . B-celldeficient mice (MuMT) were generously provided by Giorgio Trinchieri (NCI). IFNγ −/− mice were kindly provided by Robert Wiltrout (NCI). OT-1 × RAG
) mice were kindly provided by Thomas Sayers (NCI). For the generation of IL-17 reporter mice (C57BL/6 background), murine bacterial artificial chromosome (BAC RP23-4E16) (Invitrogen) was modified to introduce a tdTomato reporter gene into the Il17 locus using recombineering technology as described previously (59) . By homologous recombination, the sequence of the signal peptide of Il17a in the BAC was disrupted and the tdTomato gene with polyA was inserted immediately after the ATG start site of Il-17a. For the generation of IL-22-tdtomato reporter mice (C57BL/6 background), murine bacterial artificial chromosome (BAC RP23-401E11) (Invitrogen) was modified to introduce a tdTomato reporter gene into the Il22 locus using the same strategy as described above. Animal care was provided in accordance with the National Institutes of Health Animal Use and Care guidelines. All mice used were 8-12 wk old. Differentiation of CD8 T CM Cells from OT-I Mice. Spleens and lymph nodes from OT-1 mice were harvested and ground individually between two frosted slides into a single-cell suspension in HBSS buffer on ice. Red blood cells from splenic suspensions were removed using ACK lysis buffer (Gibco) and the resulting leukocytes were washed by HBSS to remove lysis solution. The suspension was then passed through a 100-μm cell strainer and pelleted. Cells were resuspended in RPMI media with 10 μg/mL of SIINFEKL peptide (Peprotech) and incubated at 37°C for 1 h, followed by washing with HBSS. For in vitro differentiation, cells were cultured at 4-5 × 10 6 cells/mL in complete RPMI medium (with 100 IU/mL penicillin, 100 mg/mL streptomycin, and 50 μM 2-mercaptoethanol) supplemented with IL-15 at 20 ng/mL for 6 d. Cells were placed in fresh medium every 2 d.
CFSE Labeling and Adoptive Transfer of T Cells. Skin-draining lymph nodes (axillary, brachial, and inguinal) and mesenteric lymph nodes from IL-17A-tdtomato reporter mice, IL-22-tdtomato reporter mice, IFNγ −/− mice, germfree mice, or C57BL/6 mice were homogenized in RPMI containing 5% (vol/vol) FBS and filtered through a 100-μm mesh nylon screen (BD Falcon). Cells were resuspended in PBS containing 5% FBS and warmed to 37°C and then incubated for 10 min with 5 μM CFSE (Invitrogen) followed by three washes with PBS (15) . A total of 2-5 × 10 6 CFSE-labeled cells were suspended in PBS and adoptively transferred into Rag1 −/− recipient mice by i.v. injection.
Dorsal skin and lymph nodes from the host mice were harvested at various times after transfer. Lymphocytes were analyzed by flow cytometry, whereas skin genomic DNA was isolated for 16s RNA quantification.
Spectrotype of TCR Vβ Diversity. CFSE-labeled mouse skin-draining lymphocyte T cells were transferred into Rag1 −/− mice followed by harvest of lymph In Vitro Culture of Bacteria. C57BL6 and Rag1 −/− mice were housed in the same cage for 2 mo to equilibrate the microbiome of the two different strains of mice. Axillary (ALN), brachial (BLN), inguinal (ILN), mesenteric lymph nodes (MLN), spleen (as control), skin, small intestine, and large intestine of individual mice were removed aseptically. Lymph nodes were homogenized using Kontes RNase-Free Pellet Pestle Grinders (Kimble ChaseBTX) in 400 μL PBS buffer, whereas spleen, small intestine (1 cm of the middle part), large intestine (1 cm of the distal part), and dorsal skin (1 cm   2 ) tissues were homogenized using a tissue homogenizer (Omni International) in 1 mL sterile PBS buffer. All lymph node and spleen homogenized samples were plated into four different plates including chocolate agar (Teknova) plate, sheep blood plate (Mediatech), MacConkey agar (Teknova) plate, and thioglycolate plate (Teknova), at 100 μL/plate. Intestine and skin homogenized solution was diluted 100-fold in PBS buffer and then plated onto four plates as described above. The bacteria were grown at 35°C for 3 d and colonies were counted (60) .
Bacterial Identification by 16S rRNA Gene Sequencing. Bacterial identification to the species level was performed using 16S rRNA gene sequencing. A single colony of bacteria was lysed in 100 μL of "PrepMan Ultra" Sample Preparation Reagent (Applied Biosystems) to prepare a DNA template for PCR amplification. 16S rDNA fragments (900 base pairs, bp) were amplified with universal bacterial primers (Integrated DNA Technology) 8f (5′-AGAGTTT-GATCCTGGCTCAG-3′) and 926r (5′-CCGTCAATTCCTTTRAGTTT-3′, R = A/G) (61), purified with a Gel Extraction kit (Qiagen), and sequenced with primer 8f and 926r. Resulting sequences were subjected to nucleotide-nucleotide BLAST (blastn) in comparison with known 16S rRNA genes in the public databases to identify the bacteria species. A species was assigned to an isolate when it shared 95% or higher identity to known genes.
High-Throughput Bacterial Sequencing. For some of the samples we also performed high throughput sequencing using a 454 Roche machine. Before the 16S sequencing, we performed PCR amplification step of the V1-V3 region using 27F 5′-AGAGTTTGATCCTGGCTCAG-3′ and 534R 5′-ATTACCG-CGGCTGCTGG-3′ primers, which also included barcodes and 454 sequencing primers. PCR was done with the following conditions: 95°C for 2 min, 35 cycles of 30 s at 95°C, 30 s at 56°C, and 5 min at 72°C. Resulting PCR products were purified using AMPure (Beckman Coulter), quantified and pooled in equimolar concentrations. Emulsion PCRs were made using a Roche 454 emPCR Lib-A kit. Sequencing was done using the Roche 454 FLX-Ti protocol. Sequence analysis was done using Mothur v1.22.0. Briefly, sequences were deconvoluted and low-quality sequences and chimeras were removed (UChime algorithm, Mothur plugin). To obtain operational taxonomic units (OTU), sequences were aligned to the SILVA bacterial reference dataset and clustered; sequences with more than 97% similarity were binned into the same OTUs. Bacterial diversity indexes (Chao and Inverse Simpson Index) were also calculated using Mothur software.
Bacterial Genomic DNA Extraction. The dorsal skin harvested from C57BL6 or Rag1 −/− mice were homogenized using a Polytron PT 10-35 homogenizer (Kinematica) in 1 mL sterile PBS. The lymph nodes were minced with the rough side of the slides in 1 mL sterile PBS. Bacterial genomic DNA was extracted from the skin and lymph nodes by use of a Qiagen DNA mini kit according to the kit directions.
Quantitative Real-Time PCR Amplification of 16S rRNA Gene Sequences. The quantity of bacteria in skin and lymph nodes was measured by quantitative real-time PCR (qPCR) using a 7300 Real-Time PCR system (Applied Biosystems) with 16S rRNA gene primers (Integrated DNA Technology). A short segment of the 16S rRNA gene (200-300 bp) was specifically amplified by real-time PCR, using the conserved 16S rRNA-specific primer pair UniF340 (5′ ACTCC-TACGGGAGGCAGCAGT 3′) and UniR514 (5′ ATTACCGCGGCTGCTGGC 3′) to determine the total amount of commensal bacteria in skin or lymph nodes (62) . The real-time PCR program started with an initial step at 95°C for 2 min, followed by 40 cycles of 10 s at 95°C and 45 s at 63°C. Data were acquired in the final step at 63°C. The real-time PCRs were done using SYBR Green Supermix (Roche). Bacterial numbers were determined based on the relative level to GAPDH internal controls.
In Vitro Bacteria Stimulation of Lymph Node Cells. Bacteria single colonies were picked from four plates and separately grown in related liquid culture medium overnight at 35°C. Cultures were then treated as reported in detail (63) . Briefly, cells were centrifuged and washed three times in PBS. The recovered bacteria were resuspended in complete RPMI and incubated at 80°C for 2 h to generate a heat-killed preparation. Bacterial killing was confirmed by lack of growth on blood agar plates. Statistics. Statistical analysis was performed using GraphPad Prism 5.0 software. Data are expressed as mean ± SEM. The Student two-tailed unpaired, parametric t test was used to assess statistical differences between two groups. Asterisks indicate statistical differences, *P < 0.05, **P < 0.01, ***P < 0.001.
